the enzyme activity of hepatic thioredoxin reductase and glutathione reductase in rabbits. 7 In electrophysiological research, arsenic has been reported to depolarize the cell membrane potential, [8] [9] [10] enhance the cardiac calcium current, and reduce expression of the human ether-a-go-gorelated channel. 11, 12 However, whether As 2 O 3 alters spontaneous neuronal impulse activity remains unclear.
Central snail neurons are a useful model for detecting changes in spontaneous action potentials. These neurons are easy to identify and they contain many neurotransmitters and receptors. 13, 14 We have reported previously that certain chemicals can elicit bursts of potential (BoPs) in the central RP1 or RP4 neuron of the African snail, such as amphetamine, [15] [16] [17] [18] [19] [20] [21] [22] procaine, 23, 24 cocaine 25 and 3,4-methylenedioxyamphetamine. 26 Inhibition of mitochondrial function in neurons may also elicit BoPs. 27 In the present study, we found that As 2 O 3 elicited BoPs in the RP4 neuron and that the compound acted upon a phospholipase C (PLC) pathway.
Materials and Methods
Experiments were performed on identified central RP4 neurons from the subesophageal ganglia of the African snail, Achatina fulica Ferussac. The ganglia were pinned to the bottom of a 2.0-mL Sylgard-coated perfusion chamber and freed carefully from the connective tissue sheath to allow easy identification and penetration by microelectrodes. 19 Intracellular recordings were made using a GeneClamp 500 amplifier (Molecular Devices, Sunnyvale, CA, USA) and glass microelectrodes filled with 3.0 M KCl, with resistance ranging from 5.0 to 8.0 MΩ. The experimental chamber was perfused with control saline, which comprised 85.0 mM NaCl, 4.0 mM KCl, 8.0 mM CaCl 2 , 7.0 mM MgCl 2 , and 10.0 mM Tris-HCl (pH 7.55-7.65) at 23.0-24.0°C. 20 Calcium (Ca 2+ )-substituted saline was replaced with calcium ions in equimolar amounts (8.0 mM) of Tris-HCl and EDTA. Neurons were studied only if their resting membrane potential (RMP) negativity was > −50 mV, with a time constant of 5-8 ms and rate of rise in action potential of 5-8 ⌬V/s. As 2 O 3 and other compounds were applied by extracellular incubation. All potentials were recorded on tape by a digitalizing unit (Digidata 1200; Molecular Devices).
The RMPs, amplitudes and single spike frequencies of RP4 neuron action potentials were recorded at 60 minutes after As 2 O 3 administration. Two microelectrodes were penetrated into the neuron, using the GeneClamp 500 amplifier (Molecular Devices). The recording electrode (5-8 MΩ) and the current electrode (0.8 nA) were filled with 3.0 M KCl.
The two-electrode voltage clamp method was used 28 to test the effect of As 2 O 3 on the ionic current. All potentials and currents were recorded on tape via a digitalizing unit (Digidata 1200; Molecular Devices) and analyzed using a pCLAMP system (Molecular Devices). The peak amplitude of the total inward current was elicited by 70 ms of −50 to +30 mV, from a holding potential of −60 mV. The steady-state outward currents were elicited by 5 seconds of −100 to + 20 mV, from a holding potential of −60 mV. This study measured current amplitudes with the following protocols: (a) the peaks of fast inward currents were measured after clamping at 70 ms; and (b) the steadystate currents of the neurons were measured after clamping at 5-second durations. Student's paired t test was used to compare the mean amplitude of the potentials after various treatments with that of the pretreatment control. Data from biochemical studies were expressed as the mean ± standard error of the mean (SEM) and evaluated by oneway analysis of variance. Differences were estimated by the Student's paired t test and were considered statistically significant at p < 0.05. All drug stock solutions were made with double-distilled water, except for KT5720 and U73122, which were prepared in dimethyl sulfoxide (DMSO). The presence of DMSO (≤ 0.1%) alone did not affect the RMP, amplitude or frequency of spontaneous action potential firing in the RP4 neurons. As 2 O 3 (50 mM) was dissolved in NaOH and distilled water, with an adjusted pH of 7.6.
Results

Identifiable RP4 neuron of A. fulica Ferussac
Identified central RP4 neurons from the subesophageal ganglia of the African snail, A. fulica Ferussac, were sensitive to several neurotransmitters. Glutamic acid (50 μM) induced hyperpolarization of the membrane potential. Serotonin (50 μM), γ-aminobutyric acid (50 μM), dopamine (50 μM) and acetylcholine (50 μM) increased the frequency of the spontaneous neuronal impulse activity. 15 The control RP4 neurons had an RMP of −59.3 ± 0.5 mV (n = 25, mean ± SEM), a mean spontaneous action potential firing frequency of 31.3 ± 4.0 pulses/minute (n = 25) and a mean amplitude of 96.0 ± 1.8 mV (n = 25). The action potential showed a regularly spaced single spike. No action potential burst firing was observed. The BoPs were resumed if passing hyperpolarization current to the neurons.
Effects of extracellular As 2 O 3 on RP4 neurons
The effects of 1-30 mM As 2 O 3 on the RP4 neurons are shown in Figure 1 and Table 1 . Application of 1 or 3 mM As 2 O 3 for 60 minutes decreased the frequency of the spontaneously generated action potentials. The effects of 10 mM As 2 O 3 on the RP4 neurons were time-dependent. At 20 minutes, 10 mM As 2 O 3 depolarized the RMP, decreased the amplitude, and significantly increased the frequency of spontaneous action potentials; BoPs were abolished at 20 minutes. At 30 minutes, the cell membrane potential became hyperpolarized and elicited BoPs. At 60 minutes, the BoPs remained and the RMP was restored to normal. After application of 30 mM As 2 O 3 for 10 minutes, Figure 1 . Effects of arsenic trioxide (As 2 O 3 ) on the central RP4 neuron. A1, B1, C1 and D1 are the spontaneous action potentials of the RP4 neuron. A2, B2, C2 and D2 are the potentials after application of As 2 O 3 at 1, 3, 10 and 30 mM, respectively, for 10 minutes. A3, B3 and C3 are the potentials after application of As 2 O 3 at 1, 3 and 10 mM, respectively, for 20 minutes. A4, B4 and C4 are the potentials after application of As 2 O 3 at 1, 3 and 10 mM, respectively, for 30 minutes. A5, B5 and C5 are the potentials after application of As 2 O 3 at 1, 3 and 10 mM, respectively, for 60 minutes. A6, B6, C6 and D6 are the potentials after washing with normal saline for 60 minutes, following incubation of the preparation with As 2 O 3 . The top left horizontal bar represents the membrane potential at 0 mV. 
Effects of current injections on As 2 O 3 -elicited BoPs in RP4 neurons
After 20 minutes application of 10 mM As 2 O 3 , the RMP depolarized to − 46.5 ± 1.5 mV (n = 3; p < 0.05 vs. controls), and the frequency of spontaneous action potentials increased significantly; no BoPs were observed. When a negative current (− 0.8 nA) was injected into the RP4 neuron, the RMP hyperpolarized to − 57.5 ± 2.5 mV (n = 3) and BoPs were observed. In the absence of any current injection, the BoPs remained and the RMP was −64.0 ± 1.0 mV (n = 3). When a positive current (+ 0.8 nA) was injected into the RP4 neuron, the RMP depolarized to −41.5 ± 1.5 mV (n = 3; p < 0.05). An increased firing frequency was observed instead of BoPs ( Figure 2 ). These observations suggest that membrane changes elicited by As 2 O 3 are associated with BoPs.
Effects of calcium-free solution on As 2 O 3 -elicited BoPs in RP4 neurons
The effects of extracellular calcium ions on As 2 O 3 -elicited BoPs in RP4 neurons were examined using a calcium-free solution (calcium ions were replaced by Tris ions) ( frequency of spontaneous firing action potentials increased significantly. As 2 O 3 (10 mM) was added to the chamber. After periods of 30 and 60 minutes, BoP activity remained. These results suggest that extracellular calcium ions may not be associated with the As 2 O 3 -elicited BoPs.
Effects of verapamil on As 2 O 3 -elicited BoPs in RP4 neurons
The effects of the calcium channel blocker verapamil were examined on the BoPs elicited by 10 nM As 2 O 3 . After 60 minutes of perfusion with 60 μM verapamil, the frequency of spontaneous action potentials in the RP4 neurons decreased significantly, as shown in Figure 3C . Following further application of 10 mM As 2 O 3 into the chamber for 60 minutes, the BoPs elicited by verapamil and As 2 O 3 were equivalent to those with 10 mM As 2 O 3 alone ( Figure 3C ). These results suggest that calcium influxes are not associated with the BoPs elicited by As 2 O 3 .
Effects of KT5720 on As 2 O 3 -elicited BoPs in RP4 neurons
To test the effects of protein kinase A activity upon the BoPs elicited by 10 nM As 2 O 3 , the specific protein kinase A inhibitor KT5720 (10 μM) was applied for 60 minutes. Figure 4 shows that the frequency of spontaneous action potentials was decreased significantly. As 2 O 3 (10 mM) was added to the chamber, and the BoPs remained evident after 30 and 60 minutes ( Figure 4 ). These results suggest that the BoPs elicited by 10 mM As 2 O 3 are not associated with protein kinase A activity.
Effects of U73122 on As 2 O 3 -elicited BoPs in RP4 neurons
To test the effects of PLC upon the BoPs elicited by 10 mM As 2 O 3 , the specific PLC inhibitor U73122 (10 μM) was applied for 60 minutes. No significant changes were observed in the spontaneous action potentials of the RP4 neurons (Figure 5 and Table 2 ). As 2 O 3 (10 mM) was added to the chamber, and the BoPs were decreased after 30 and 60 minutes ( Figure 5 ). These results suggest that the potential changes elicited by 10 mM As 2 O 3 are associated with PLC.
Effects of neomycin on As 2 O 3 -elicited BoPs in RP4 neurons
To elucidate further the role of PLC in the BoPs elicited by 10 mM As 2 O 3 , the specific PLC inhibitor neomycin was used. Neurons were perfused with 10 mM As 2 O 3 for 30 minutes, followed by 3 mM neomycin for 30 minutes. The BoPs elicited by As 2 O 3 were decreased by neomycin, as was the amplitude of the action potentials ( Figure 6 ). Application of 3 mM neomycin for 60 minutes before 10 mM As 2 O 3 did not prevent As 2 O 3 -elicited BoPs, which lasted for 20 minutes, followed by a single spike ( Figure 6 ). The results suggest that the potential change elicited by 10 mM As 2 O 3 is associated with PLC.
Effects of As 2 O 3 on total fast inward currents of RP4 neurons
The effects of 10 mM As 2 O 3 on the fast inward currents of RP4 neurons during shorter voltage clamping steps (70 ms) are shown in Figure 7 . The effects of 10 mM As 2 O 3 on the current-voltage (I-V) relationship of total inward currents at various command voltages are shown in Figure 7 and currents (I test = −10 mV); this was most obvious at 20 minutes ( Figure 7 and Table 3 ).
Effects of As 2 O 3 on steady-state outward currents of RP4 neurons
Five-second-long stepping pulses were employed to measure the steady-state outward currents of the RP4 neurons. Currents were obtained by stepping from a holding potential of − 60 mV to stepping potentials of −100 to + 20 mV at intervals of 10 mV in a solution of 10 mM As 2 O 3 ( Figure 7 ). The steady-state currents were measured at 5 seconds after voltage stepping and the steady-state I-V relationships are shown in Figure 7 . Steady-state outward currents were observed if the positivity of the holding potential was > −50 mV. The total outward current was increased if the command voltage was stepped to a higher positive potential. As 2 O 3 (10 mM) did not decrease significantly the steady-state currents (p > 0.05) (Figure 7) .
Discussion
There is a strong association between community exposure to arsenic-containing dust and peripheral neuropathy among humans. 29 African snail depolarized the RMP and elicited irreversible BoPs, which may not be related entirely to the effects upon the membrane potential. Using amphetamine as a modulator, we have shown previously that modulation of potential changes between spontaneously generated action potentials and BoPs in central snail RP 1 and RP4 neurons involves several factors. Oscillation of membrane potential and BoPs were reversible after extracellular application of d-or l-amphetamine. [15] [16] [17] [18] Forskolin (adenylyl cyclase activator) and vinpocetine, erythro-9-(2-hydroxy-3-nonyl) adenine, milrinone, rolipram or caffeine (phosphodiesterase inhibitors) facilitate the BoPs elicited by amphetamine, whereas sildenafil (viagra) does not. 36 The metabolite inhibitors sodium azide and rotenone facilitate the BoPs elicited by amphetamine. 27 Therefore, the BoPs elicited by amphetamine via intracellular calcium ions are related to the cyclic AMP messenger system. However, in the present study, we found that As 2 O 3 -elicited BoPs were dependent on PLC rather than cyclic AMP. It is interesting to note that intraneuronal messengers elicited BoPs through different mechanisms. It has been reported that, in cases of fatal arsenic poisoning in humans, the concentration of arsenic in the organs may be several-hundredfold higher than that in the blood. For example, the liver concentration may be as high as 147 μg/g (around 1.9 mM). 37 In the present study, we reported effects of As 2 O 3 at the millimolar level on the electrophysiological behavior of the neurons. Two-electrode voltage clamp studies revealed that 10 mM As 2 O 3 decreased the fast total inward currents, yet had no effect on steady-state outward currents. Amphetamine 19 and cocaine 25 have been shown to decrease the fast total inward current and total outward current, and elicit BoPs in RP4 neurons. It appears that the steady-state outward current does not contribute to the As 2 O 3 -elicited BoPs. Furthermore, the ionic mechanism that underlies the As 2 O 3 -elicited BoPs is different from that of amphetamine and cocaine. Mammalian and snail neurons express different ion channels and display different active membrane properties. As a result, mammalian and snail neurons do not respond to As 2 O 3 in the same manner. Therefore, it is very likely that As 2 O 3 -induced electrophysiological effects on snail neurons do not explain the ionic mechanism of As 2 O 3 -induced neurotoxic effects in mammalian neurons. However, as far as we are aware, there have been no electrophysiological studies of the effects of As 2 O 3 on mammalian neurons. The results of the present study may trigger further electrophysiological studies of the effects of As 2 O 3 on mammalian neurons.
The present study demonstrated how toxic concentrations of As 2 O 3 affected neuronal impulse activity. Our results suggest that 10 mM As 2 O 3 elicits BoPs and that this effect is associated with PLC activity. As 2 O 3 at 30 mM abolishes the spontaneous action potentials of the neurons.
